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The information in this report should aid in defining the airblast hazards to

personnel inside armored vehicles and certain field fortifications.
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pared the illustrations.

This research was conducted according to the principles enunciated in the “Guide

for Laboratory Animal Facilities and Care," prepared by the National Academy of Sciences,
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CONVERSION FACTORS FOR METRIC (SI) TO U.S. CUSTOMARY
UNITS OF MEASUREMENT

Multiply By To Obtain

centimeters 0.3937008 inches

meters 3.280840 feet

square meters 10.76391 square feet

cubic meters 35.31467 cubic feet

kilometers 0.6213712 miles

meters per second 3.280840 feet per second

kilopascals 0.1450377 pounds-force per square inch (psi)
2




TABLE OF CONTENTS

Pv‘t;;'f

PREFACE .....viivevnnns et reieees et v et e aeen J1
INTRODUCTION. c v ieiveivvnrens et u et e r e ettt e 5
PRUCEDURES + vttt ittt tiatnenneaaesoennnnnncasaneenns v iereiiianas 6
SHOCKTUBES + v v viiiiiiiiineiiiitireticataeceasosoannanasnsnncnnnnnnns 6

TEST SUBJECTS wvtt it tiiiititeiattiiteeanantasnerasassneassasannnns 8

RESULTS vt ittt ittt iaireiraienatr et tetaetsessssaaesenansnssensansassasnasnens g9
STAGNATION OVERPRESSURES IN JETS EMANATING FROM ORIFICES ............ 9
Circular Orifices cvoviiii ittt i i i i ineecacanannnnanasnns 9

Rectangular Orifice ..oiievei: tiiiiiiiniiiiiiariaansnnnnnnannn 13

NATURE OF INJURIES .....ccoiiiinnt, e ettt 16
INJURIES IN RELATION TO STAGNATION OVERPRESSURE .vuvevenneernnennnnn 17

1 0 Y 1 A 19
INJURY CRITERIA FOR BLAST-INDUCED JET FLOW THROUGH ORIFICES ......... 19
REFERENCES v iiitniiiriniienentiaatetseeaseesssosansesnnsonensanancassacnnannns 21

d o



Figure

LiST OF ILLUSTRATIONS

Page
Shocktube configurations ......ciieiiiiiiniiiiiennrineiinaisonenanns 6
Pressure-time patterns measured at the end of the
1.0- to 1.8-m diameter shocktube and on the side
wall of the test chamber ... ..ot ittt iaa e 7
Pressure-time patterns measured by face-on gauges
on the center axis at distances from the 7.6-cm
radius orifice generated by input overpressures
Of 0.80 alm L iiiiriiiiiii ittt ittt it iiiieneennenaseesaansnsonnnnns 10
Stagnation overpressure contours from a 7.6-cm
radius orifice generated by an input overpressure
0} O K - T 1 10
Stagnation overpressure contours from a 7.6-cm radius
orifice generated by an input overpressure of 3.50 atm ........c.... 11
Stagnation overpressures averaged over the projected 4
area of circular orifices ..... . cviiiiiiiiiiiiiennnnnn. Ceveieseenas 1
Stagnation overpressures averaged over the projected
area of a rectangular orifice ........ ..o i, 16
Injury levels in relation to stagnation overpressures
and distance from orifiCes .u.vvireeiiriintenneenneenesenoennennens 18
Injury criteria for blast-induced jet flow through
orifices in relation to range and yield computed for
R ] o - Yo - o1 T o 20

4
- - / "




. INTRODUCTION

The ;irblast hazard to personnel in open terrain was reported to depend on the peak
overpressure, the duration of the overpressure, and the orientation of the subject with
respect to the explosive source.l This'apblied, in general, to both the direct-over-
pressure effects and blast-displacement effects.

The response of personnel te airblasf inside open field fortifications depended
on the volume of the structure and the aréa of its entrance; Inside small structures |
with relatively large openings, such as foxholes and weapons emplacements, the direct-
overpressure effects predominated because of the mu]fiplication ot the incident shock
front when reflected from the walls and floor.of the structure.2

Inside larger structures with door-size openings, for instance open shelters
and command posts, the direct effects were less important since the peak pressures in
the initial shock and subsequent reflections inside the structure were a small frac-
tion of that in the outside wave. Blast-displacement effects predominated because dur-
ing the fill phase the static pressure became converted to high-velocity flow through
the entryway. Inside the doorway, the velocity of the entering flow was greater than
that in the blast wave on the surface.

The airblast threat to personnel inside armored vehicles wherein the blast
enters through open hatches and firing ports has not been defined. The purpose of this
study was to determine injury levels produced by airbiasts transmitted through small

openings as a function of the input overpressure and distance from the openings.




PROCEDURES

SHOCKTURBES

Two shocktubes were Qsed in this study to drive airblast waves through orifices.

One of the shocktubes was 45 m long with a 0.6 m 1.D. (Figure 1). It was driven
by compressed air and utilized My1a93 diaphragms. Endplates that contained a given size
orifice were placed at the distal end of the expansion chamber. Circular orifices, 7.6-
and 3.8-cm radii, and a rectangular orifice, 11.4 x 29.2 cm, were utilized. Most of the
animal testing and overpressure measurements were done in connection with the 7.6-cm-
radius orifice. The duration of the overpressure on the upstream side ¢f the endplate
was on the order of 200 msec.

The second shocktube was approximately 80 m long and varied from 1.0 to 1.8 m

in diameter (Figure 1). It was operated with compressed air or by the detonation of
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Figure 1. Shocktube configurations.
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hydrogen-oxygen miktures in the compression chamber. My]ar@’diaphragms were used. The
shocktube was operated open-ended. A test chamb2r, 1.3 by 3.0 m and roughly semicircular
in crossection, was located 20 c¢m from the end of the shocktube. The chamber had a
volume of about 9 m3. A D-shaped orifice was in the center of the upstream wall of the
chamber. This orifice was patterned after the hatches in many armored vehicles. It had
an area of 0.186 r and an equivalent radius of 24 cm. Side-on overpressures were mea-
sured by transducers (Model ST-2, Susquehanna Instruments} 30 c¢m in frem the end of the
shocktube and at the center of the side wali inside the test chamber. Signals from the
transducers were recorded by cathode ray oscilloscopes. Typical side-on overpressure
patterns are illustrated in Figure 2. The duration of the overpressure in the shocktube
averaged 190 msec; inside the test chamber it averaged 212 msec. Stagnation overpressures

were not measured inside the test chamber.
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Figure 2. Pressure-time patterns measured at the end of the 1.0- to
1.8-m diameter shocktube arZ on the side wall of the test
chamber.




"TEST SUBJECTS

female 5heep, Columbia-Rambouillet cross, with a mean body weight of 41 kg.
were used to assess the effects of éirblast waves propagating through'orifices‘ _Ali

animals were anasthetized by an intravenous injection of sodium pentobarbital. They

. were maintained at a surgical level of anesthesia from.5 minutes before-each test

uritil they were sacrif1ced within 30 minutes fo1low1ng the test. The experimental

des1gn was to determine no 1njury, sI1ght injury, and severe injury 1evels in terms of
distance from a 7.6-cm radius or1f1ce for various input overpressure 1evels upstream
- of the orifice. . A total of 21 sheep were tested at seven distances downstream of the
T,Eﬂcﬁ radius orifice. The subjects were restrained in a fixed chair with the ventral
surfaces of their thoraces in 1ine with the orifice.
Four unrestrained animals, nuﬁbered'ZT through 30; were placed with the ventral

- surfaces of their thoraces 61 cm from the 7.6-cm-radius orifice. They were §uspended

= by two Tines attached to rings_that couid slide along an overhead pipe oriented parallel

%
_to the long axis of the shocktube. The blast ~-displacement t1me patterns of the sub;ects

were measured by high-speed motion- p1cture cameras.
Five subjects were restrained in a chair with the ventral surfaces of their

thoraces in 1ine with the 3.8-cm radius orifice. The three at a distance of 30 cm re-'

ceived stagnation overpressures of from 2.30 to 2.84 atm. Those at 61 cm from the ori-

fice were subjected to 1.36 and 1.75 atm.
NHine subjects were exposed to blast inside the test chamber. Eight were appréxi-
mately 60 cm from the D-shaped orifice.

surfaces of their thoraces in line with the orifice. Two were seated unrestrained with

the right sides of their thoraces in line with the orifice. Three were suspended and
prientéd with their heads toward the orifice, long axis of their bodies parailel to the

-floor of the chamber. An additional subject was suspended with its_head at the orifice.

Four were seated and restrained with the ventral

gy ey RN TR Ry mrwmmlﬁmﬁrmmwmw)m P T T A T T *W—;—u.r.;:;?—_:_-w"q




RESULTS

STAGNATION OVERPRESSURES IN JETS EMANATING FROM ORIFICES
Circular Orifices

The atmnospheriz pressure inte which the jet expanded outside the shocktube was
82.7 kPa. A1l pressures in this rcport were expressed in atmospheres. The peak re-
flected pressure on the upstream side of the endplate was designated as the input pres-
sure, Py. Stagnation pressures, designated P, were measured by face-on transducers
at various distances, X, from the orifice and at varijous distances, Y, from the axis of
the orifice.

Figure 3 illustrates the stagnation overpressure-time patterns measured at se-

Tected distances from the 7.6-cm radius orifice along the center axis. These waveforms

were generated by input overpressures, Pj-1, of (.80 atm. The waveforiis were character-

ized by an initial shock front followed by a growth in the stagnation overpressure.
There was a rapid decrease in the magnitude of the incident shock front with distance
from the orifice and a corresponding increase in the time between the shock front and
and the time to peak stagnation overpressure.

In gereral, for as long as the input overpressure was approximately constant,
the recorded stagnation overpressure tended to remair constant, although moderately
large fluctuations which appeared to be random in nature were noted (see Figure 3).
Each P;-1, X, and Y combination was tested at least two times, and an average stagna-
tion ~erpressure was computed using the values obtained by averaging through the
fluctuations on the individual records. In order to test scaling procedures, a 1i-

mited number of measurements were made using a 3.8-cm radius orifice exposed to a P;-1

of 3.50 atm.
Figure 4 shows, for a P;-1 of 1.33 atm, the measured stagnation overpressures,

Ps-1, as a function of the distances from the orifice and axis scaled in terms of the
orifice radius. For some distance beyond the orifice, the stagnation overpressure
remained nearly constant and equal to the input overpressure. The Ps-1 appeared to
decrease smoothly with X, and, at a given X, P¢-1 was higher near the center ¢f the

orifice than it was near the edge.
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Figure 5 presents the stagnation gve-pressure contours for a Pi-1 of 3.50 atm.

At the orifice (X/R = 0}, the stagnation overpressure was approximately equal to the

input overpressure of 3.50 atm. It can be seen that the stagnation overpressure ap-

peared to go through a series of oscillations with distance. The stagnation overpres-

sure appeared to bhe at a local maximum for X/Rvalues of approximately 6.0, 3.0, and

6.0 and at a local minimum for X/Rvalues of approximately 1.5 and 5.0. Thus, the

length of one period represented approximately 3.0 to 3.3 radii. An empirical formula

cited in Reference 4 for steady-state jets indicated that the period length expressed

in radii was approximately equal to

1.78 (P;-1.9)1/2

For a P3-1 of 3.50 atm, this expression predicied a period length of 2.9 radii which

was close to the value estimated from Figure 5 for transient jets.
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Accord1ng to Figure 5, the stagnat1on overpressure, Py 1 decreased smoothly

w1th d1stance for X/R: values greater than approx1mate1y six. At these distances,

for a g1ven X, Pg-1 was.!arger riear the axis of the orifice than it was away from.
the axis,
For the various Pj-1 and X c0mb1nat1ons tested P5-1 was measured.at several

Y/R values 1ess than 1.0. By tak1ng each Pc-1 value as the mean stagnat1on overpres-

sure over an-area in the shape of a two- d1mens1ona1 torus, it was poss1b1e to com-
pute ‘the average stagnation overpressure over the projected or1fice area for each X
and P{-1. These averaged stagnation overpressures were plotted in Figure 6 as a

function of X/R for the fo&r input overpressures. It was noted that the data for each

input overpressure wereapproximately linear and could be represented by an equation
 of the form '

Pl = (Pey- - x*;g) - (1)

where Pgy was the maximum value of Pg (i.e., the P for X/R = 0} and ¥y was the maxi-

mum value 6f X (i.e., the X for Pe-1 = 0). "The Pgy values estimated by fitting lines

to the data were close to the values that would be predicted from the theoretical

Pitot-tube formula.’

Pen-1 = Py-1 for Py <1.893 - (2)
772 :
=6 [r0)?7 -1]  /[3sr36) ()P 1] 1 for g >1.893

Note that when the flow was subsonic (P4 <1 893}, Pgpy was equa] to Py, whereas when the

f10w became supersonic, these pressures d1ffer as a result of the curved shock wave

that forms in front of the gauge.
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Least-squares regression lines were fitted to the data in Figure 6 subject
to the constraint that Pg, corresponded to the theoretical value given by Equation
2. The Xy values were then computed from the regressiotn equations. The following

empirical equation was developed expressing X, as a function of P;:

-1
Xg/R = [0.02905 +0.02121 (P3-1)"0-8 ] (3)

It should be noted that the Pi—l values used to derive this equation ranged from
0.80 to 5.71. Since Equation 3 was empirical in nature, it would be suspect to
use it to extrapolate beyond the experimental range. In particular, it is not
known if X;/R would approach an upper bound with increasing Py as predicted by the
formula.

The four lines in Figure 6 were derived from Formulas 1, 2, and 3 using the
measured P;-1 values. In general, the lines fit the data reasonably well. Note
that the line for Pj-1 = 3.50 falis close to the data for either the 3.8- or the
7.6-cm radius orifice. Because the stagnation overpressure oscillated with dis-
tance from the orifice (see Figure 5), the data exhibit & large scatter around this
line for X/R values less than €. The dashed lines were drawn through the data to
indicate the approximate nature of the oscillations. The Mach number, M, at any

point in the undisturbed jet (the jet without the presence of gauges) can be esti-

mated from the measured Pg-1 value at that point using the following formula.5
Ps-1 = (1 + M%/5)7/2 .y for Pg <1.893
(4)
Pe-1 = (6M2/5)7/2/(m2/6 - 1/6)%/2 1 for P >1.893

A Mach number scale derived from Fornula 4 has been included in Figure 6.

Rectangular Orifice

A limited number of tests were conducted using an 11.4 x 29.2-cm rectangular

orifice subjected to an input overpressure of 3.50 acm. On a given test, each of

13
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the stagnation éverpressure Qaqges wWas 10cated an equal distance from the two short

“ends.of the orifiqé with one gauge being 1.3 énd the ofhgr béing‘3.8 cm from the ori-
fice axis. Theldistaﬂce'fnom the orifice to'the-gauges was varied on each test. The:

- average stagnatfon'bverpressure over the nrojected orifice aféa Qasrestimétéd to be
4/9_uuitiplied by the value measured at 1.3 cm p1u5A5[9 mulitiplied by.the vaiuefmeé-

_sured at 3.8 cm. For q‘giveh distance from the orifice, the two measured stagnat{on
overpreéssures never differed by more than 15 bércenf; For this reéson; ﬁhé computed

’ average'overpréssures may be close to the true va}ues even though they were based-on
a very limfte& number of ﬁeasuremenis. e |

Figure 7 shows the data for the fectanguIaf 6rfficé in an’ analogous manner to-

the éircu]ar orifice ;hown in Figure 6. The figure was drawr using an equivalent R
value assumed. to be the radius of a circular orifice with an area equal to that of the -
rectangular orifice. The line in Figure ? Was thé same regression line for a circular
orifjce that appeared in Figure 6. [Except at X/R = 0, 511 of the data points fell be-
low the line. For X/R values of less than 10, the measured stagnation overpressures, :
Ps-1, were on the average 0.85 times as large as the overpressures predicted from the
line using the same'X/R valges. By way of comparison, a corresponding Qaiue of 0.97
was obtained for X/R values less than 10 using the circular orifice data for a'Pi—l of

3.50 atn. Thus, for a Pi-1 of 3.50 atm and X/R values less than 10, the average stag-

nation overpressures for a rectangular orifice can reasonably be approximated by taking
0.85 times the average overpressure predicted for a circular orifice. It is not certain

if such a decrease in pressure would be appropriate at larger‘values cf X/R, in that the

datum point on Figure 7 at X/R = 14 fell close to the line.

The dashed lines drawn in Figure 7 indicated that, as in_the case of a circular
orifice exposed (o the same Pi-l of 3.50 atm, the stagnation overpressure tended to os-
cillate with the distance from the rectangﬁlar orifice. The length of o¢ne period ap-

peared to be about 2.5 equivalent radii, somewhat Tess than the 3.0 to 3.3 radii found

for a circular orifice.
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NATURE OF INJURIES

Crushing type of injuries were produced by the airblast jet‘emanating from the
orifices. Amono the animals in front of the 7.6-cm orifice, the intrathoracic injuries
ranged from contusions of the intercostal muscles to multiple compound rib fractures
along the midaxillary line and/or at the vertebral junction. In severe cases, the ends
of fractured ribs punctured the lungs producing massive hemothoraces. The pulmonary
lesions ranged from small subpleural air blebs surrounded by petechial hemorrhages to
multiple, large air blebs and associated hemorrhagic areas. Scattered contusioné of
the diaphragm were a common lesion. At the higher stagnation overpressure levels this
lesion was severe. Intra-abdominally ruptured livers with associated hemoperitoneum

were a common finding.
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The same 1nJury pattern descr1bed above was found 1n subjects that were un-
restrained in front of the 7.6-cm radius or1f1ce Accord1ng to the fl]m records,
" the thoraces of restra1ned or unrestrained an1mals ‘underwent marked c0mpress:on
dur1ng the bTast lcading. Maximum compression occurred within the same time pErlod

in both groups. The'thoraces'of unrestrained animals would reach their maximum
compression before the animals were d1sp1aced a distance of 10 cm by the flow Thé

peak velocity attained by Animals Nos. 27 28, 29, and 30 was 4.27, 2. 68. 1. 37. and

7.92 m/sec, respect1ve1y
The an1mals restra1ned at distances of 30 and 61 cm in front of the '3.8-cm
- radius or1f1ce were not significantly injured by input pressures that produced
sévere injury in subjecps at_combarabTe distances from the 7.6-cm radius orifiée;.
Inside the tast cﬁamber. the same'crushing injuries occurred'in_énimals
seated with their thoraces facing or side-on to the orifice aé occurred in connec-

tion with the 7.6-cm radius orifice. Animals oriented with their heads toward the

- orifice were less injured than those with their thoraces.opposite the orifice.

INJURIES IN RELATION TO STAGNATION OVERPFIESSURE

Figure 8 summarlzes the degree of injury for each anlmaT as a funct1on of
the stagnation overpressure and scaled distances from the 7.6~ and 24.4-cm rad1us
Anrifices.' The éymbo1s indicate animals with no injuries, those with slight injur%es,

and those with severe injuries. S51light injuries included small subpleural air blebs

on the lungs, traces of lung hemorrhage, and mild intercostal contusions. The se-
vere injuries were, for the most part, in the form of rib fracture, Tiver rupture, .

and extensive contusion of the diaphragm. As seen in Figure 8, the no-injury region
was below 0.7 atm of stagnation overpressure and slight injuries occurred between

0.7 and 1.4 atm. Above 1.4 atm all the aniﬁais sustained severe injuriesl Animal

No. 2 was a 3-minute fatality.
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DISCUSSION

N N

INJURY CRITERIA FOR BLAST-INDUCED JET FLOW THROUGH ORIFICES

The stagnation overpressure-injury levels obtained with sheep were selected as
injury criteria for personnel subjected to blast jet flow from orifices. The tentative
criteria were applied to personnel inside armored vehic]és when their thoraces were in
line with an opening, Figure 9. The curves related the incident side-on overpressures
required to generate stagnation overpressure levels through orifices of 0.7 and 1.4 atm
as a function of range and explosive yield. The criteria apply to openings in vehicles
that were side-on or back-on to the blast. The upper curve in the figure pertains to
openings that were in the portion of the vehicle oriented face-on to the blast and thus
were filled by reflected overpressures.

The criteria apply to circular orifices of from 15 to 48 cm in diameter, to
square openings having an equivalent area, and to rectangular ones having L/W ratios
of 2.5 or less. The criteria do not apply to openings of less t“an 15 cm in diameter.

Certain areas were identified that require better definition before more gen-
eralized blast criteria can be established. Among these were the influence that the
duration of the jet flow had on the biological effects and the lateral extent of the
jet flow through openings at the higher overpressure levels. The response of the
head and neck to the blast jet flow and an assessment of the effects produced by jets
downstream of rectangular openings having large L/W ratios were other arezs that re-

quired further definition.
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